Introduction
Enzymes are exquisitely specific biocatalysts, able to modify even complex organic chemicals with a high degree of stereo and regio-selectivity by virtue of their complex, stereoselective, three-dimensional structures. Directed or artificial evolution is being used to engineer enzymes with novel catalytic and physicochemical properties that can be used as biocatalysts for industrial applications. The development of enzyme libraries relies upon the ability to navigate a practically infinite sequence space of possible enzymes, while identifying novel and desired characteristics in library clones. DNA family shuffling is a powerful technique that allows sparse sampling of a large region of the sequence space, whereas techniques based on random mutagenesis either explore more limited sequence space close to the parental starting point or are prohibitively massive in scope (Crameri et al., 1998) . Cytochrome P450 (CYP or P450) enzymes are ideal starting points for directed evolution. The need for organisms to clear a diversity of xenobiotics has given several mammalian P450s the capability to metabolize a wide range of foreign chemicals via monooxygenation, with considerable regiospecificity on even large and complex molecules (Gillam, 2005) . Despite this diversity of activity, the sequence homology of P450 subfamilies (>55%) is sufficiently close to allow DNA family shuffling.
Although human CYP1A1 and CYP1A2 share 74% similarity at the sequence level, their function and expression profile is significantly different. CYP1A1 is primarily present in lung and other extrahepatic tissues, and functions to monooxygenate polycyclic hydrocarbons and other relatively planar xenobiotics. CYP1A2 is primarily hepatic and its substrate range also includes relatively planar substrates. CYP1A2 catalyzes diverse reactions including the oxidation of caffeine, fluorescent resorufins This article has not been copyedited and formatted. The final version may differ from this version. (Guengerich, 2005) ).
Random mutagenesis has been used for the directed evolution of CYP3A4 and CYP2B enzymes to alter substrate specificity, thermostability and solvent tolerance (Kumar et al., 2005; Kumar et al., 2006a; Kumar et al., 2006b ). In the 1A P450
subfamily, the activity of CYP1A2 towards 7-methoxyresorufin has been increased five-fold via mutagenesis (Kim and Guengerich, 2004) . Additionally, segment directed mutagenesis of CYP1A1 (in an amino acid region with sequence diversity between CYP1A1 and CYP1A2) generated mutants with activity towards CYP1A-selective substrates, but the resulting mutants generally showed relative activities towards various substrates that were similar to the parental CYP1A1 (Taly et al., 2007) . A CYP1A library was also created by DNA family shuffling using DNAse Imediated fragmentation of human CYP1A1 and CYP1A2 and screened for naphthalene hydroxylation, yielding approximately 20% of active clones (Abécassis et al., 2000) . Further characterization of such libraries revealed mutants with significantly altered profiles compared to those of CYP1A1 and CYP1A2 (Abécassis et al., 2003; Taly et al., 2007) .
One aim of the current study was to use restriction enzyme-mediated DNA shuffling (Kikuchi et al., 1999; Huang et al., 2007) to generate a hybrid CYP1A1/1A2 library and characterize the structural integrity and functional diversity of the resulting mutants. The technique of DNA shuffling was originally reported with DNAse I used to generate fragments for recombination (Stemmer, 1994) (Kikuchi et al., 1999; Huang et al., 2007) . While restriction enzymes carry the disadvantage that cleavage is non-random (Gillam, 2005) , this modification appears to allow greater recovery of functional chimeras and less parental contamination (Kikuchi et al., 1999; .
While diversification of sequences is fundamental to the success of directed evolution experiments, equally important is the efficient navigation of sequence-function space by high throughput (HTP) screening. This task is not trivial as few substrates of interest generate coloured or fluorescent products (Gillam, 2005) , and downstream cell processing to extract enzyme is generally necessary. Previously, HTP screening of chimeric P450 activity in our laboratory has relied upon detection of indigo production in cultures or processed cell extracts (Gillam et al., 1999) . However one of the aims of the current work was to apply new whole cell activity assays using luminogenic substrates specific for the parent forms (and other P450s), as well as traditional fluorescence-and absorbance-based metabolic assays for P450 activity, in rapid screening of libraries. A secondary aim was to couple these activity measurements to improved methods of whole cell P450 measurement by COdifference spectroscopy, in order to simplify overall library screening protocols.
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Methods

Materials
Bicistronic bacterial expression plasmids containing cDNAs for the parental P450 forms, CYP1A1 and CYP1A2 (designated pCW'/P450/hNPR) were prepared as described previously (Parikh et al., 1997) . Both plasmids had been modified to encode a hexa-his tag at the C-terminus of the P450. The chaperone expression vector (pGro7), was obtained as a generous gift from Professor K. Nishihara (HSP Research Institute, Kyoto Japan) (Nishihara et al., 1998) . The pCW'/hNPR expression vector encoding human NADPH-cytochrome P450 reductase alone (hNPR) was obtained from Professor F.P. Guengerich (Vanderbilt University, Nashville, TN). Enzymes for molecular biology were obtained from New England Biolabs Inc. (Beverly, MA, USA). The E.coli strain DH5α F'IQ used in expression trials was obtained from Invitrogen (Mulgrave, Australia). P450-GLO™ kits for measurement of CYP1A activity (CYP1A1, luciferin 6'-chloroethyl ether (luciferin-CEE); CYP1A2, luciferin 6'-methyl ether (luciferin-ME)) were a generous gift from Dr. James Cali (Promega, Madison WI, USA). Additional P450-GLO™ kits providing 6'-deoxyluciferin (luciferin-H), the ethylene glycol ester of luciferin 6'-methyl ether (luciferin ME-EGE) and luciferin 6'-benzyl ether (luciferin-BE) were purchased directly from Promega. Substrates p-nitrophenol (PNP), 7-ethoxyresorufin (7-ER) and 7-pentoxyresorufin (7-PR) were sourced from 
Construction of a shuffled CYP1A1/1A2 library
Shuffling of the parental CYP1A1 and 1A2 sequences was done according to the general method described by Huang et al. . Specifically, parental sequences were fragmented with two separate combinations of restriction enzymes: (i)
NlaIII plus Eco0109 and (ii) BbvI plus MboII. Digestion was performed in 200 µl at 37°C (2.5 h) on 30 µg total DNA, using 30 units of each enzyme.
Fragments were recovered by filtration through Microcon PCR units (Millipore, NSW, Australia) followed by ethanol/ sodium acetate precipitation, and then subjected to re-assembly in a primerless PCR. Re-assembled shuffled clones were amplified using the following primers: forward, placed immediately upstream of and including the NdeI site and start codon (underlined), 5' GGAAACAGGATCCATCGATGCTTAGGAGGTCATATG 3'; reverse, placed downstream of the P450 cDNA, 150 bp into the hNPR open reading frame: 5' GAGGTCAATGTCTGAATTTTGGTGAACTCGGGGAC 3'. The amplified product was ligated into the NdeI and XbaI sites of similarly cut pCW'/2C9/hNPR, replacing the CYP2C9 coding sequence, and ligation mixtures were used to transform DH5αF'IQ cells already containing the pGro7 chaperone vector. Sixty-four separate clones were isolated on selective media, cultured overnight in LB medium containing ampicillin (100 µg/mL) and chloramphenicol (20 µg/mL) and stored in 15% glycerol at -80°C.
Sequence analysis of mutant clones
Expression of shuffled CYP1A1/1A2 library mutants
Library clones were co-expressed with hNPR as described previously, using bacterial chaperones GroES and GroEL expressed using the pGro7 vector (Gillam et al., 1993; Notley et al., 2002) . Library clones (15% glycerol cultures, maintained at -80°C) were core sampled without thawing using sterile pipette tips, used to inoculate 1.0 ml starter cultures (LB media containing 100 µg/mL ampicillin and 20 µg/mL chloramphenicol in 24 well plates), and grown overnight at 37°C with shaking at 300 rpm.
Triplicate expression cultures were conducted in 24 well plates (0.4 -1.4 ml fill volumes) in TB media containing ampicillin (100 µg/mL), chloramphenicol (100 µg/mL) and thiamine (1mM), with trace elements (Bauer and Shiloach, 1974) . Wells were inoculated with starter cultures (5% v/v) and incubated at 25°C for 5 h with shaking at 400 rpm prior to induction. Recombinant protein expression was then induced by the addition of arabinose (4 mg/mL), δ-aminolevulinic acid (δ-ala: 0.5 mM), and isopropyl-β-thiogalactopyranoside (IPTG: 1 mM). After induction, Breatheasy polyurethane membranes (Diversified Biotech, Boston, MA) were applied to plates to restrict oxygen tension in the cultures. Library expression was performed in three separate batches of clones, with three library clones (9, 22 and 64) re-expressed in the second batch for comparison purposes, and the parents (CYP1A1 and CYP1A2) and hNPR (as positive and negative controls respectively) expressed in all batches.
Cultures were harvested between 23 and 94 h by sedimentation at 3300 x g in plates,
followed by resuspension in 750 µl whole cell assay buffer (WCAB; 100 mM potassium phosphate buffer, pH 7.4, 6 mM magnesium acetate, 10 mM dextrose).
Resuspended cultures (200 µl) were transferred to 96 well plates for whole cell P450 measurement. The remainder of each resuspended culture was stored at 4°C and subsequently assayed for activity towards various compounds, as follows: luciferin-CEE dechloroethylation, luciferin-ME demethylation, luciferin-H hydroxylation, luciferin-BE debenzylation, demethylation of luciferin ME-EGE, 7-ER O-
Whole cell P450 CO-difference spectroscopy P450 concentration in library clones was measured in whole cells by Fe [II] .CO vs.
Fe [II] difference spectroscopy using the method of Otey (Otey, 2003) , with quantification using a Spectramax M2 spectrophotometer (Molecular Devices, This article has not been copyedited and formatted. The final version may differ from this version. 
Library screening using P450-GLO™ luminogenic substrates
P450-GLO™ kits were adapted for measurement of activity in whole cells containing expressed CYP1As as follows. Luminogenic substrates were added directly to 50 µl suspensions of cells in WCAB at suggested kit concentrations (luciferin-CEE, 30 µM; luciferin-ME; 100 µM; luciferin-H, 100 µM; luciferin ME-EGE, 10 µM) and incubated directly (5-20 min, 350 rpm, 25°C) in 96 well white plates (Costar, USA).
Luminescence was subsequently developed by addition of 50 µl luciferin detection reagent and incubation for 20 min at 25°C. Final luminescence levels were quantified using a Microbeta Trilux 1450 LSC counter (Perkin Elmer, Wellesley MA, USA) and standardized against 50 µl 0.1 µM luciferin and substrate-only standards included on each plate. Linearity of luciferin-ME and luciferin-CEE turnover with cell loading and time for the assay conditions used was verified for parents CYP1A1 and CYP1A2.
Other library screening assays
PNP hydroxylation was measured on whole cells by the method of Winters and
Cederbaum (Winters and Cederbaum, 1992) , with a loading of 5 pmol P450 (in whole cells) per 100 µl reaction in 96 well plates. Cultures were incubated for 2 h with 250 rpm agitation. Product formation was measured via absorbance at 515 nm using a Spectramax M2 plate reader (Molecular Devices, Sunnyvale, CA). 
Results
Sequence analysis
A library of mutant clones was constructed by DNA family shuffling of human CYP1A1 and CYP1A2 using fragmentation by (i) NlaIII plus Eco0109 and (ii) BbvI plus MboII. Fragments were recovered by size-selective filtration prior to reassembly in a primerless PCR reaction. A portion of the library (64 clones) was sampled and archived. Four clones randomly selected from the library (3, 24, 33 and 47) were subjected to sequencing, as well as a further eight clones (8, 9, 22, 23, 28, 32, 35 and 38 ) that proved to be of interest from the screening studies (see below). All clones sequenced encoded full length P450 sequences and no premature stop codons were observed. Analysis (Figure 1 ) showed an average of 5.9 ± 2.3 (mean ± SD) crossovers and 1.5 ± 1.5 (mean ± SD) spontaneous mutations per mutant.
Functional characterization of CYP1A shuffled mutants
The shuffled CYP1A library was investigated in three stages. First, the whole cell P450 assay was used to establish optimal high throughput culture techniques for the expression of the library parents CYP1A1 and CYP1A2. Second, the entire library was expressed and screened for P450 expression level, activity towards luciferin-ME, luciferin-CEE and 7-ER using the optimized culture expression parameters determined in the first step. Third, a subset of clones demonstrating activity in the initial screening round were re-expressed and screened for activity towards luciferin ME-EGE, luciferin-H, 7-ER and PNP.
Optimization of screening conditions for CYP1A shuffled mutants
This article has not been copyedited and formatted. The final version may differ from this version. Figure 2A ) and enzyme activity (detected as whole cell activity on luciferin-CEE and luciferin-ME respectively; Figure 2B ). The luminescent activity assays were more sensitive in detecting P450 at the initial stages of expression in both cases. Optimal harvest time was determined to be approximately 72 h for both CYP1A1 and CYP1A2, and this harvest time was used for subsequent screening of the library.
However, this harvest time represents a "best guess"; it cannot be assumed that 72 h was optimal for all mutants, nor would this harvest time be necessarily optimal for other chimeric P450 libraries with different subfamily parents. Figure 3A) , total well P450 content was maximal at fill volumes greater than 1.0 ml ( Figure 3B ). As there was some indication of decreased enzyme activity at fill volumes greater than 1.0 ml (as measured by luciferin-ME demethylation; Figure 3C ), subsequent expressions were performed with a fill volume of 1.0 ml.
Screening of total CYP1A1/1A2 library for expression and activity towards luciferin-ME, luciferin-CEE and EROD.
This article has not been copyedited and formatted. The final version may differ from this version. Of the 62 clones remaining, 33 (53%) showed P450 expression above the detection limit for the whole cell assay (50 nM). One clone (designated 50) did not grow in starter culture. The profiles of P450 expression level for the library clones as measured by whole cell CO-difference spectrum are provided in Figure 4A with parental expression levels provided for reference. There was no systematic decrease of clone harvest biomass as P450 production increased (e.g. due to metabolic loading by the foreign protein). Hence, the profile of specific clone P450 content (i.e. P450 yield per O.D.600 as a measure of cell density) for the clones was very similar to that presented for total P450 yield in Figure 4 and is therefore not shown. All clones were screened in whole cells against the luminogenic substrates luciferin-CEE (CYP1A1-selective) and luciferin-ME (CYP1A2-selective). Specific activities (product formation per nmol P450) for library clones were calculated using whole cell P450 concentrations ( Figure 4A) , and normalized by percentage to the appropriate parental activity for each substrate ( Figures 4B and 4C ). All clones were tested for EROD activity using an endpoint assay which subsequently proved to be prone to false positives and background interference, and hence was considered qualitative only This article has not been copyedited and formatted. The final version may differ from this version. (data not supplied). However, this assay allowed preliminary detection of EROD activity in clones 8, 13, 19, 21, 22, 23, 25, 26, 28, 32 and 38 , and these clones were included in further quantitative screening for EROD and another activities. The library was also screened against luciferin-BE and for PROD activity, with no clones showing activity.
Three clones with expression and P450-GLO™ activity in the first expression trial (9, 22 and 64) were included in the second expression round for comparative purposes.
Overall results were comparable between repeat screening rounds.
Screening of selected clones for specific activity toward 7-ER, PNP, luciferin-H and luciferin ME-EGE
From initial screening of the entire CYP1A1/1A2 library (Figure 4 ), 14 clones (mutants 8, 9, 13, 19, 21, 22, 23, 25, 26, 28, 32, 35, 38 and 64) were selected with detectable activity towards at least one compound (i.e. towards luciferin-ME, luciferin-CEE or 7-ER). These clones were screened for specific activity on 7-ER, PNP, luciferin-H and luciferin-ME-EGE ( Figure 5 ). Only those clones demonstrating P450 concentration in at least one replicate at or above the 50 nM detection limit are shown. Clones 8, 26 and 32 had detectable EROD activity, but P450 expression in all replicates was less than 50 nM and thus specific activity levels could not be calculated. Similarly, clones 8 and 26 showed activity towards luciferin-H. For the remaining clones (9, 13, 19, 21, 22, 23, 25, 28, 35, 38 and 64) , specific activities on EROD and luciferin ME-EGE were approximately equal to or less than parental activities ( Figure 5A and 5D ). However, activities on PNP and luciferin-H in some This article has not been copyedited and formatted. The final version may differ from this version. 
Discussion
The overall objective of the current work was to assess the technique of restriction enzyme-mediated DNA shuffling, combined with rapid methods of detecting both enzyme expression level and activity in whole cells, as a strategy for generating robust and diverse P450 libraries with desired properties. Sensitive measurement of enzyme concentration is critical for libraries utilizing mammalian P450s, as forms such as CYP1A1 express at levels many times lower than their bacterial counterparts (Yun et al., 2006) . Optimal determination of low P450 levels in library clones necessitated improvements in the sensitivity of the assay and manipulation of culture conditions during expression to maximize P450 production. In initial aerobic flask expression studies, maximum whole cell expression levels were approximately 200 nM for CYP1A2 and undetectable for CYP1A1 (data not shown). Limitation of oxygen tension and optimization of harvest time and well fill volume enhanced relative P450 concentrations, as previously noted in fermentor cultures (Vail et al., 2005) . Although direct control of oxygen tension in multi-well plates is not a practical goal, a general reduction of oxygen tension for culture plates was possible in the current study by using semipermeable polyurethane membranes (e.g. Breath-easy, Diversified Biotech, Boston, MA). Limiting oxygen tension also led to a marked reduction of the interfering 417-418 nm peak on CO-difference spectra, as will be discussed in detail elsewhere (Johnston et al., unpublished) . This peak has been attributed to the CO-bound complexes of the cellular terminal oxidases cytochrome bo and bd (Cheesman et al., 1993) . These combined improvements enabled determination of CYP1A1 level in whole cells, and thus obviated the need for downstream processing (i.e. subcellular fractionation to isolate membranes). The restriction enzyme mediated DNA shuffling process successfully produced a CYP1A1/1A2 library with significant sequence diversity. Although the CYP1A crossover rate (5.9 ± 2.3, mean ± SD) was somewhat lower than previously seen with a CYP2C library (9.1 ± 1.8, mean ± SD) , it is comparable to that of a previous CYP1A library (5.4 ± 2.2) created via DNaseI-mediated shuffling and recombination in yeast (Abécassis et al., 2000) . The reduced crossover rate seen in the current study, as compared to that observed in the CYP2C library made with the same method, may be due to the paucity of recombinations in the middle of the mutant sequences . The lack of recombination sites between ~550 bp and ~ 950 bp was notable, and corresponds to a region of lower sequence identity between the two parents (Figure 1 ), in which recombination may be more difficult. By contrast, the degree of homology was relatively consistent throughout the length of the CYP2C parental sequences. An alternative explanation is that fragmentation of sequences was incomplete within this region due to the methylation sensitivity of two of the enzymes used (MboII and Eco0109I). However an analysis of the restriction sites that would be predicted to be methylated showed that the small proportion of sites that would be affected by methylation lay outside the region showing no apparent crossovers.
Significant diversity was also seen in the P450 expression level amongst library clones. P450 expression levels in mutants were distributed around the parents, with an expected skewed distribution towards expression levels lower than both parents (Otey et al., 2006) , and is significantly higher than in previous 1A libraries prepared using DNaseI fragmentation (Abécassis et al., 2000; Taly et al., 2007) . The high degree of functional integrity in this CYP1A1/1A2 library may be attributed to the fact that libraries created by DNA shuffling tend to show lower "kill rates" compared to those created by random mutagenesis, since most amino acid changes that are introduced are already present in one of the successfully expressed library parents. Spontaneous mutations are more likely to cause non-functional enzyme due to premature stop codons or misfolding. This was apparent in a previous CYP1A1/1A2 library, where spontaneous mutation rate was significantly lower (8.3 ± 3.2) for functional when separated from non functional clones (14.0 ± 4.2) (Abécassis et al., 2000) . Hence, the low average spontaneous mutation rate in the current study (1.5 ± 1.5, mean ± SD) is advantageous for producing functional clones.
Selective substrates such as luciferin-CEE and 7-ER (both selective for CYP1A1) and luciferin-ME and luciferin-ME-EGE (selective for CYP1A2) are powerful tools for determining activity profiles for mutant clones that indicate their relative performance compared to library parents. Also useful are compounds (e.g. PNP and luciferin-H) towards which the parental forms show no significant activity. Examination of the activity profiles (Figure 7) shows that the CYP1A library contains diverse functionality in activity, i.e. hybrid mutants with both CYP1A1 and CYP1A2 activity (clones 9, 19, 21, 22, 23, 64 and 38) , super-parental CYP1A1-like activity (clone 22) and super-parental CYP1A2-like activity (clones 22, 23 and 35). Clone 22 represents an extreme case, as it showed approximately nine times the specific luciferin-CEE activity of CYP1A1, in addition to three times the specific luciferin-ME activity of This article has not been copyedited and formatted. The final version may differ from this version. (Figure 7) . Additionally, clones were detected with novel activities 23, 35 and 64; PNP: clones 9, 19, 35, 64, 22 and 38) . For the purpose of second round shuffling, this indicates the presence of library clones suitable as new parents to improve both parental activity and broaden substrate specificity. Indeed, functional clones tended to combine both broadening of substrate range and enhancement of parental activity (Figure 7) . The diversity seen here in activity profiles was comparable to that seen in libraries derived from bacterial CYP102s with lower overall sequence identity, constructed using the SCHEMA algorithm to maximize functional protein recovery (Otey et al., 2004) .
Detection of novel activity towards PNP and luciferin-H in the library indicates that although the genetic variation available through DNA family shuffling is limited to that already present in the parents (plus infrequent beneficial spontaneous mutations accumulated during shuffling and amino acid changes due to recombination within codons), this library still encodes proteins with a remarkable diversity of possible enzymatic activities. However, it was not possible to detect activity on relatively large compounds (luciferin-BE, 7-PR), suggesting there are limits to the possible restructuring of the relatively planar CYP1A active site cavity (Sansen et al., 2007) .
Importantly, no library clone showed an activity profile characteristic of either parent (Figure 7) . This is consistent with the lack of library parental contamination inherent in the restriction enzyme-mediated shuffling protocol, due to introduction of a size selective filtration step to recover digested fragments as well as efficient fragmentation using restriction enzymes Rosic et al., 2007 (Abécassis et al., 2000) .
Combining whole cell assays for P450 and enzyme activity on various compounds proved to be useful in allowing rapid and technically straightforward screening of the 1A library. Importantly, such methods avoid the labour intensive fractionation of cells, as well as concomitant losses in enzyme content and activity. However, turnover rates reported were low when compared to typical values obtained with pure enzymes or subcellular fractions ( Figure 5 ). These whole cell turnover values do not reflect k cat values, since they will be confounded by the additional kinetic processes of substrate diffusion into and product diffusion out of the whole cells in suspension (both reducing apparent V max values). Additionally, the internal cellular substrate concentration (i.e. that in contact with the enzyme) will be lower than the external assay substrate concentration (thus increasing apparent K m ). A detailed examination of these kinetic effects in whole cell activity assays is beyond the scope of this paper.
However for the purpose of routine, first-tier screening, these effects can be considered constant across different clones, allowing useful comparisons of relative specific activity. In cases where a more detailed kinetic comparison is required (such as for quantitative, structure-function studies), such studies should be performed on enzymes isolated by subcellular fractionation.
The diversity of activity detected in the current CYP1A library was high considering the small sample size. The minimum sample size to capture all theoretical possible genetic diversity in the library (discounting that introduced by spontaneous mutations) This article has not been copyedited and formatted. The final version may differ from this version. In summary, even within a small sample of the CYP1A library, a remarkable diversity of expression level and catalytic activity profile was found after a single round of clones that were sequenced, the crossover rate was 5.9 ± 2.3 and the spontaneous mutation rate was 1.5 ± 1.5 per sequence (mean ± SD). No significant difference was seen in crossover and mutation rate between the functional and randomly selected clones. Two clones sequenced (6 and 42) proved to be contaminant CYP2C9 
